Fully hydrated lettuce (Lactuca sativa L.) seeds showed dual freezing exotherms (-9 and -18°C), even after 10 hours imbibition. Only the -9°C exotherm was observed in seeds imbibed for 20 hours, but without external nucleation, all water in the embryo supercooled. Results indicate that the endosperm acts as a barrier to ice propagation. Other experiments suggest that the pericarp may also protect the embryo under certain freezing conditions.
Supercooling of cell water allows some plant tissues to avoid freezing (3); most studies of such supercooling have involved buds or xylem ray parenchyma of woody plants. However, water also supercools extensively in certain seeds, including those of lettuce (9, 10) , wheat (8) , rice (8) , and mistletoe (1) . In certain seeds, freezing avoidance may be crucial to overwintering in the imbibed state (10) , an important phenomenon in itself. In addition, imbibed seeds represent an experimentally convenient model system with which to study the control of supercooling (9) .
Freezing avoidance in seeds has been studied most thoroughly with lettuce. Juntilla and Stushnoff (9) were the first to describe detailed patterns of freezing in lettuce seeds exposed to low temperatures after imbibition. DTA2 profiles of intact seeds showed two well-defined exotherms, indicating two separate freezing events. Death of the seed was associated with the second exotherm, at a temperature of -16C to -18°C. In a subsequent study, Toivio-Kinnucan and Stushnoff (15) developed an explanation of lettuce seed freezing patterns based on interactions between water and membrane lipids. They speculated that the LTE represents the freezing of water closely associated with membrane lipids, while the exotherm at -8°C to -10°C is due to 'bulk' water, not required to maintain membrane structure, which may leave the cell and freeze without causing damage. Keefe and Moore (13) also examined supercooling in lettuce seeds and presented observations similar to those of Juntilla and Stushnoff (9) . However, Keefe and Moore (10) Nucleation Temperature and Seed Survival. To assess the effect of different freezing intensities on viability, imbibed seeds were placed in 20-pl drops of distilled H20 on the surface of a thermoelectric cooling plate covered with aluminum foil. The temperature was lowered at approximately 1VC/min; ice crystals were used to induce freezing at 3°, -6°, and -9°C. All samples were cooled to -10°C and held for 30 min. Survival following these treatments was determined by observing subsequent germination at 230C.
RESULTS AND DISCUSSION
Our general observations of freezing patterns in imbibed lettuce seeds agreed well with those of others (9, 10). We noted a primary exotherm at -9 +3°C and a LTE at approximately -18°C. Other initial results were consistent with those of Keefe and Moore (10) . For example, in samples of 10 seeds, we obtained a single primary exotherm only if all seeds were in direct contact with each other. This confirmed the conclusion (10) that adjacent seeds nucleate one another. We do not feel that the single primary exotherm in multiple-seed samples was the result of a remarkably uniform (9) nucleation point. We found that removal of surface water (by brief blotting) prevented the occurrence of the primary exotherm without affecting the LTE. Similar observations lead Keefe and Moore (10) to conclude that the primary exotherm was due to water outside the endosprem.
Comparisons of freezing patterns (LTE and number of exotherms) of seeds imbibed for 2 to 20 h are shown in Figure 1 . DTAs were run using intact seeds (Fig. IA) and seeds from which the pericarp, as a possible source of nucleation, was removed (Fig.  1B) . During the first 10 h of imbibition, pre-germination changes did not affect the pattern of freezing in the intact seeds (Fig. IA) . Two exotherms were observed for each seed, and the LTE occurred at -18°C. However, after 20 h imbibition, we noted only a single exotherm which was at an average of -9.6°C. Between 10 and 20 h, the moisture content of the entire seed remained constant, although that of the endosperm plus embyro increased (Fig. 1B) ; similar results were obtained by Ishikawa and Sakai (8) . The absence of supercooling in intact seeds frozen after 20 h imbibition was not due to a loss of the capacity for supercooling. This is indicated by the fact that similar seeds from which the pericarp was removed immediately prior to DTA avoided freezing to -17°C (Fig. IB) . Figure IB also shows that all of the water in the endosperm and embryo can supercool. The increase in moisture content between 5 and 20 h was accompanied by only a slight change in the LTE.
We feel that the results illustrated in Figure I diminish the importance of lipid participation in freezing avoidance as proposed by Toivio-Kinnucan and Stushnoff (15) . Those authors (15) suggested that: (a) bulk water, instead of supercooling, migrates to freeze extracellularly, accounting for the primary exotherm; and (b) the fraction of water which supercools does so because of its association with membrane lipids. This concept does not explain the different freezing behavior of seeds imbibed for 10 and 20 h. To accommodate this difference in a way consistent with ToivioKinnucan and Stushnoff conclusions (15), we concluded that all water froze intracellularly because the bulk water was unable to migrate from the cell. It seems more likely that water in the pericarp froze at about -9°C, and that the LTE was due to the freezing of all water in the embryo. In seeds imbibed for 2, 5, and 10 h, the endosperm remained an effective barrier to the spread of ice into the embryo. By 20 h of imbibition, the effectiveness of the endosperm barrier was lost, so embryo water no longer avoided freezing. For 20-h DTA, seeds which showed no visible signs of radicle emergence were used; in an average sample of 100 seeds, early signs of germination were evident at about 14 h. Since 85 to The data in Figure lB show that supercooling capacity is not imparted or controlled by interaction with lipids. Rather, all of the water in hydrated lettuce seeds supercooled if the pericarp was absent during DTA (Fig. 1B) . In other words, bulk or free water in these hydrated cells can supercool to the same extent as that closely associated with membrane lipids. The concept of supercooling control proposed by Toivio-Kinnucan and Stushnoff (15) was based on the idea that 20% of tissue moisture exists as a layer at membrane surfaces (4) , an idea no longer accepted (7).
Our results confirm the conclusion of Keefe and Moore (9) that "The endosperm therefore acts as a barrier between external ice and the embryo." Examples of other plant tissues which may prevent the spread of ice are the leaf sheath and stem node of cereal grains (13) , the basal crown in vegetative buds of conifers (12) , and tissues immediately surrounding peach flower buds (1 1). Hong and Sucoff (6) concluded that barriers to ice growth existed between the cells within a xylem ray. Keefe and Moore (10) suggested that cell walls, rather than membranes, are responsible for the barrier effect in lettuce seeds. Major changes in mechanical strength of the endosperm have been shown to occur 6 to 24 h after imbibition of lettuce seeds begins (14) , although the contribution of cell wall changes to this weakening is unknown.
Experiments in which imbibed seeds were frozen to -10°C in 20 ,ul of external ice showed that the mechanism which controls embryo supercooling is highly effective. Despite the presence of large amounts of ice, 94% of the seeds in samples nucleated at -3°C and frozen to -10°C survived (Table I) . When the temperature was reduced to -15°C, more injury occurred, but 74% survival was observed (data not shown). The 94% survival at -10°C agrees precisely with the results of a similar experiment conducted by Keefe and Moore (10) . When the 20 ,tl of external water was nucleated at -60C and -90C, the more intense freezing resulted in 75% and 55% survival, respectively (Table I ). The effects of removing the pericarp and cutting the endosperm showed that both structures protected the embryo from damage during the freezing of surrounding water. Even when nucleation was induced at -3°C, germination was reduced to 36% and 5%, respectively, in seeds from which the pericarp was removed and in those further modified by cutting the endosperm. Keefe and Moore (10) discussed the significance of supercooling relative to winter survival of imbibed seeds in wet soils. The endosperm barrier effectively prevented embryo freezing in seeds frozen in ice. Our results confirm the protective nature of the endosperm ( Fig. 1 ; Table I ) and also indicate that the pericarp may protect the embryo from injury under certain freezing conditions. 
